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Results and discussion
To test whether PKC activity is modulated by Wnt or Frizzled signaling, Xenopus embryos were injected with RNAs encoding various Wnt and Frizzled homologs in conjunction with RNAs encoding PKC isoforms tagged with green fluorescent protein (GFP) or a Myc epitope. The tags allowed us to monitor the subcellular distribution of the PKC as an assay of its activation. The assay relies on evidence that translocation of PKC to the plasma membrane generally correlates with enzyme activation [8, 9] . Ectopic expression of Xwnt-5A (Figure 1a , n = 4 experiments) was able to induce the translocation of Myctagged PKC to the plasma membrane to a much greater extent than expression of either Xwnt-8 ( Figure 1b RNA (n = 3 experiments) was able to induce translocation of PKC, while injection of 100-fold more Xwnt-8 or Rfz1 RNA did not. We therefore conclude that Wnt and Frizzled homologs differ in their ability to induce translocation of PKC to the plasma membrane. Injection of prolactin RNA (Figure 1e ) and acute treatment with phorbol-12-myristate-13-acetate (PMA) ( Figure 1f ) were used as negative and positive controls respectively for PKC translocation.
Translocation of PKC to the membrane can be observed in the presence of PKC inhibitors [10] and in the absence of diacylglycerol [11] , suggesting that PKC translocation is not always directly linked to kinase activation. We therefore directly measured PKC activity using an in vitro kinase assay [12] . Confirming the translocation data, injection of Xwnt-5A or Rfz2 RNAs resulted in an increase in total PKC activity in stage 8 embryos compared with embryos injected with Xwnt-8 or Rfz1 RNA (Figure 2a) . Xwnt-5A-injected embryos showed a 2.9-fold increase in PKC activity over Xwnt-8-injected embryos (p < 0.01 in Student's t-test), and Rfz2-injected embryos showed a 2.9-fold increase over Rfz1-injected embryos (p < 0.05).
Western blots confirm equal levels of expression of Myctagged Xenopus PKCα (XPKCα-Myc) in the injected embryos ( Figure 2b ). Increased endogenous PKC activity has also been observed in embryos injected with Xwnt-5A RNA (M. Kühl and R.T.M., unpublished observations). These data support the hypothesis that Wnt and Frizzled homologs differ in their ability to stimulate a signaling pathway that leads to activation of PKC.
Because intracellular release of Ca 2+ in response to Rfz2 and Xwnt-5A is dependent upon G proteins [2] , we asked whether agents that block G-protein signals would block the ability of Rfz2 to induce PKC translocation. The assay used was the translocation of tagged PKC to the membrane, coupled with quantitative image analysis ( RNAs that induce PKC translocation also increase PKC activity in an in vitro kinase assay. (a) Relative phosphorylation of a PKC substrate peptide by immunoprecipitated XPKCα-Myc from embryos co-injected with RNA encoding either Xwnt-8 (n = 3 experiments), Xwnt-5A (n = 3), Rfz1 (n = 3) or Rfz2 (n = 6). As we wanted to measure relative kinase activities, uninjected embryos (n = 8) were measured for basal kinase activity, and this level was set to 1. PMA was added to the reaction tubes as a positive control. 
U n i n j e c t e d
kinase assay, injection of PTX RNA reduced Rfz2-induced PKC activity to control levels (Figure 3f ), confirming that Rfz2 induces activation of PKC in a PTX-sensitive manner.
α-Transducin, which sequesters βγ subunits [13] , was then tested for its ability to block Rfz2-induced translocation of PKC. Injection of α-transducin RNA attenuated the translocation of PKC to the membrane in response to Rfz2 (Figure 3e) . As an independent test of Gβγ signaling we injected RNA encoding G i2 α subunits, which have been shown to inhibit Gβγ-induced activation of Xenopus phospholipase C-β (PLC-β) [14] . We found that expression of G i2 α attenuated Rfz2-induced translocation of PKC to a much greater extent than did G s α, which was used as a control (Figure 3e ). RNA encoding G q α, injected as a positive control for Gα-induced activation of PLC-β/phosphoinositol signaling [14] , induced PKC translocation in the absence of Rfz2 (Figure 3e ). Collectively, these results suggest that Rfz2 functions upstream of βγ subunits of PTX-sensitive G proteins, though it remains unclear whether G proteins are directly or indirectly involved.
We used assays for PKC translocation and induction of β-catenin target genes to test the activities of various Frizzled homologs [15] . Ectopic expression of Rfz2, Mfz3, Mfz4 and Mfz6 promoted membrane translocation of PKC in Xenopus animal caps (Figure 4a,b) and did not appreciably induce the expression of siamois and Xnr3 (Figure 4c ). Mfz3 did, however, weakly induce expression of Xnr3 in a minority of trials (4 out of 9; Figure 4c ). Conversely, ectopic expression of Mfz7 and Mfz8, like that of Rfz1, did not elicit PKC translocation (Figure 4a ), but did induce expression of siamois and Xnr3 (Figure 4c ). The data suggest that each member of the vertebrate Frizzled family of putative Wnt receptors activates one of two apparently distinct signaling pathways in these assays.
We have shown that Xwnt-5A, Rfz2, Mfz3, Mfz4 or Mfz6 can elicit the translocation of a typical PKC isoform from the cytoplasm to the plasma membrane, and to a greater extent than do Xwnt-8, Rfz1, Mfz7 or Mfz8. Furthermore, both Rfz2 and Xwnt-5A lead to an increase in total PKC activity measured by independent in vitro kinase assays. The ability of Rfz2 to activate PKC is sensitive to agents that block signaling by βγ subunits from PTXsensitive G proteins, further supporting the hypothesis [2] that G proteins are involved in the transduction of at least some Wnt signals. The activation of PKC is likely to occur downstream of phosphatidylinositol metabolism and Ca 2+ fluxes [1, 2] and is probably distinct from events initiated by Wnt and Frizzled homologs that work through β-catenin and the homologs of the transcription factors Lef and Tcf. As PKC activity has been implicated in cellular responses to Wnt-1 signals [16, 17] an attractive hypothesis is that PKC provides cross-talk between distinct Wnt signaling pathways. Our demonstration that Wnt and Frizzled homologs differ in their ability to stimulate PKC activity should contribute to an understanding of the diversity of Wnt signaling pathways.
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Figure 4
Frizzled homologs display a differential ability to increase PKC activity versus siamois and Xnr3 expression. Representative images of cells that were analyzed for Figure 3 . XPKCα-GFP localization is imaged in each case, after coinjection of PKC-GFP RNA along with the following RNAs: 
